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Abstract 

Background  Mental fatigue (MF) is a psychobiological state that impairs physical and cognitive performance, par-
ticularly in endurance and resistance tasks. Transcranial direct current stimulation (tDCS) has emerged as a promising 
noninvasive neuromodulation technique to mitigate MF and increase exercise capacity. However, evidence remains 
inconsistent due to methodological heterogeneity in stimulation parameters, fatigue induction protocols, and out-
come assessments. This research aims to systematically review randomized controlled trials (RCTs) investigating 
the effects of active versus sham tDCS on reducing MF and improving physical performance, such as time to exhaus-
tion and muscular endurance, in healthy, physically active adults, including athletes.

Methods  This protocol follows the PRISMA-P guidelines and is registered with PROSPERO (CRD4202541050229). 
Eligible studies will include RCTs (parallel or crossover) comparing active tDCS (any validated protocol) with sham 
stimulation in adults ≥ 18 years of age without neurological, psychiatric, or cardiovascular conditions. Searches will 
be conducted in PubMed, Embase, Scopus, Web of Science, SPORTDiscus, PsycINFO, and ClinicalTrials.gov. Primary 
outcomes are time to exhaustion and number of repetitions to failure; secondary outcomes include MF scores. Two 
independent reviewers will select studies, extract data, and assess risk of bias using Cochrane RoB 2.0. Metaanalyses 
will be performed where possible, with subgroup, sensitivity, and metaregression analyses as appropriate.

Discussion  This review will synthesize the available evidence on the efficacy of tDCS on MF and physical perfor-
mance in healthy adults. The results aim to inform the design of future research and support the standardization 
of tDCS protocols in sport and exercise science.

Systematic review registration  PROSPERO CRD420251050229
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Background
Sports performance has been extensively investigated 
through experimental clinical trials, observational stud-
ies, and systematic reviews to enhance physical and cog-
nitive capabilities and improve outcomes in competitive 
settings [1–3]. Among the various factors that influence 
athletic performance, mental fatigue (MF) stands out. 
MF is a transient state of reduced cognitive and execu-
tive functioning resulting from prolonged and intense 
mental effort [4, 5]. This condition manifests through 
subjective symptoms of tiredness, decreased motiva-
tion, and difficulty concentrating, assessed by self-report 
instruments, such as the visual analogue scale (VAS) for 
mental fatigue, and by performance changes in attention 
and information-processing tasks [4–6]. MF is associ-
ated with increased ratings of perceived exertion (RPE), 
decreased time to exhaustion in endurance tasks, and 
reduced total work volume in muscular resistance tasks, 
typically measured by fewer repetitions until failure [5, 
7–9].

Multiple factors may trigger MF, such as high work 
demands, information overload, prolonged concentra-
tion, physical exercise, and repetitive tasks, all of which 
lead to sensations of tiredness, decreased motivation, and 
heightened distractibility—ultimately impairing execu-
tive control and decision-making [10–12]. In the sports 
domain, the impact of MF varies depending on task 
intensity: it tends to be more pronounced in endurance 
activity at low- and moderate-intensity and less evident 
in short duration at high intensity [13–16].

Given the cognitive and motor impairments induced 
by MF, there is increasing interest in techniques capable 
of modulating brain activity, such as transcranial direct 
current stimulation (tDCS) [3, 17, 18]. tDCS delivers low-
intensity electrical currents through scalp-mounted elec-
trodes, promoting membrane depolarization with anodal 
stimulation and hyperpolarization with cathodal stimula-
tion [17–20]. Anodal stimulation protocols targeting the 
dorsolateral prefrontal cortex (DLPFC) and the primary 
motor cortex (M1) have shown reductions in RPE and 
improvements in endurance and muscular performance 
by extending time to failure [21–23].

However, the literature presents mixed results. For 
instance, Holgado et al. [24] found no significant perfor-
mance enhancement in trained cyclists receiving tDCS 
over the DLPFC, while Penna et al. [25] reported no ergo-
genic effect in master swimmers. These findings suggest 
that variables such as stimulation site, current intensity, 
and participant characteristics may influence the tech-
nique’s efficacy [24, 25]

Despite promising findings, such as increased training 
volume [23] and prolonged time to exhaustion [21], the 
heterogeneity of tDCS protocols complicates cross-study 

comparisons and evidence consolidation [3]. This vari-
ability includes key parameters such as current intensity 
[18], stimulation duration [17, 26], electrode montage 
and placement [3, 27], and outcome selection [17]. Simi-
larly, other investigations have failed to demonstrate 
consistent benefits of tDCS in endurance tasks or resist-
ance-based protocols [24, 25, 28, 29]. These findings 
suggest that stimulation site, current density, individual 
training level, and prior exposure to tDCS may modulate 
its efficacy.

The diversity of tDCS protocols (intensity, duration, 
and montage) and mental fatigue induction methods, 
along with inconsistent results, precludes the definition 
of optimal parameters for reliable modulation. Although 
previous reviews have assessed the effects of tDCS on 
physical performance or examined factors related to MF 
separately, no systematic review has concurrently evalu-
ated tDCS, MF, and physical performance in healthy 
adults, including athletes. In light of these considerations, 
this protocol aims to systematically review randomized 
controlled trials comparing active versus sham tDCS in 
reducing MF and improving time to exhaustion and rep-
etitions to failure in healthy adults.

Methods
Protocol and registration
This protocol was developed according to the guidelines 
of the Preferred Reporting Items for Systematic review 
and Meta-Analysis Protocols (PRISMA-P) [30] and regis-
tered with PROSPERO (CRD420251050229).

Eligibility criteria
Only randomized controlled trials (parallel or cross-
over designs) comparing active tDCS, conducted 
according to validated protocols targeting any brain 
region, with sham stimulation, will be included. Par-
ticipants must be physically active adults (recreational 
or athletes), aged ≥ 18 years, with no neurological, psy-
chiatric, or cardiovascular conditions that could inter-
fere with performance. Studies must report time to 
exhaustion during endurance tests and number of rep-
etitions to failure in muscular resistance tests as pri-
mary outcomes, as well as secondary outcomes related 
to mental fatigue (MF), assessed by validated scales 
(e.g., VAS). Only studies published in English will be 
considered, as the language restriction aims to ensure 
high quality in data extraction and interpretation, min-
imizing translation bias [31]. Although all research-
ers involved in data extraction are Brazilian, they are 
proficient in reading and writing in English, ensuring 
the reliability of the process. No date restrictions will 
be applied. Exclusion criteria will encompass non-
randomized studies, studies with clinical populations, 
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interventions without active tDCS or standardized MF 
induction protocols, investigations that do not report 
MF and physical performance outcomes, and dupli-
cates or publications with incomplete protocols. The 
eligibility criteria are detailed below using the PICOS 
framework:

•	 Population (P): Physically active adults (recreational 
or athletes), aged ≥ 18  years, with no neurological, 
psychiatric, or cardiovascular conditions

•	 Intervention (I): Active tDCS, applied according to 
validated protocols targeting any brain region

•	 Comparator (C): Sham tDCS, with electrodes placed 
but no current delivered, according to the protocol 
by Gandiga et al. [32]

•	 Outcomes (O): Primary — increased time to exhaus-
tion (endurance) and greater number of muscular 
strength repetitions to failure

•	 Secondary: Reduction in mental fatigue (VAS score 
or equivalent scale)

•	 Study design (S): Randomized controlled trials (par-
allel or crossover)

Information sources
The literature search will be conducted exclusively in 
peer-reviewed journals indexed in the following data-
bases: PubMed/MEDLINE, Embase, Scopus, Web of Sci-
ence, SPORTDiscus, PsycINFO, and ClinicalTrials.gov. 
All databases will be searched from inception to the date 
of the final search (anticipated for November 2025). The 
date of each search, the specific search strategy, and the 
number of retrieved records will be meticulously docu-
mented in a structured Excel spreadsheet.

Search strategies
A comprehensive search was conducted in PubMed 
using four conceptual blocks: (1) transcranial direct cur-
rent stimulation (tDCS), (2) mental fatigue and cognitive 
exertion, (3) physical performance outcomes, and (4) a 
validated filter for randomized controlled trials. The full 
strategy is detailed below. The final PubMed search was 
executed on June 11, 2025, yielding 25 records. Equiva-
lent adaptations will be implemented in Embase, Scopus, 
Web of Science, SPORTDiscus, PsycINFO, and Clinical-
Trials.gov. The full PubMed strategy is available in Fig. 1.

The full search strategy for all databases is available in S1 File.

Fig. 1  Full PubMed search strategy
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Study selection
All records will be imported into Rayyan software 
(Rayyan Systems Inc., USA) [33], where duplicates will be 
automatically removed. Two independent reviewers will 
screen titles and abstracts. Studies marked as “include” or 
“uncertain” will advance to full-text evaluation, also con-
ducted independently. Disagreements will be resolved 
through consensus or, if needed, by a third reviewer. The 
final manuscript will illustrate the selection process using 
the PRISMA 2020 flow diagram [34].

Data extraction
Two reviewers will independently extract data regarding 
study identification (author, year, country, clinical trial 
registration), population characteristics (age, sex, physi-
cal activity level), MF induction protocol, tDCS parame-
ters (intensity, duration, montage, polarity), sham details, 
physical performance outcomes (time to exhaustion and 
repetitions to failure), and MF scores, as well as statisti-
cal estimates (means, standard deviations, effect sizes, 
confidence intervals, p-values). Discrepancies will be 
discussed and, if necessary, resolved by a third reviewer. 
All decisions will be documented in a structured Excel 
spreadsheet.

Data items
A structured spreadsheet will be developed for data 
extraction, containing predefined fields for all relevant 
study characteristics and outcomes. Two independ-
ent reviewers will extract the data in duplicate, and dis-
crepancies will be resolved through discussion or, if 
necessary, adjudicated by a third reviewer. The follow-
ing information will be collected: study design (parallel/
crossover), sample size (total and by group), randomiza-
tion and blinding methods, type of cognitive task used to 
induce MF, MF measurement tools, technical parameters 
of tDCS, characteristics of the sham protocol, and all pre-
defined primary and secondary outcomes. When data 
are not available in the text or tables, authors will be con-
tacted. If necessary, numeric data will be extracted from 
figures using WebPlotDigitizer, a validated graphical 
extraction tool. For transparency, the data extraction file 
will document all extracted values, software version, and 
parameters (e.g., axis calibration, resolution settings).

Risk‑of‑bias assessment
Risk of bias will be assessed using the Cochrane RoB 2.0 
tool (Sterne et al.) [35] at the level of each primary out-
come (time to exhaustion and repetitions to failure) and 
the secondary outcome (MF). Two independent review-
ers will judge five domains: randomization process, devi-
ations from intended interventions, missing outcome 

data, outcome measurement, and selective reporting. A 
pilot assessment of 5 to 10 studies will be conducted to 
calibrate the criteria. Disagreements will be resolved by 
consensus or by a third reviewer. Results will be summa-
rized in tables.

Data synthesis
When at least three homogeneous studies are available 
for an outcome, a meta-analysis using a random-effects 
model (DerSimonian-Laird) will be performed. Mean 
differences will be calculated for time to exhaustion and 
standardized effect sizes for repetitions to failure. Het-
erogeneity will be assessed using Cochran’s Q and the I2 
statistic. If heterogeneity is high (I2 > 75%) or the num-
ber of studies is insufficient, a narrative synthesis will 
be adopted, grouping findings according to MF protocol 
characteristics, tDCS parameters, and participants’ activ-
ity levels. Pre-specified subgroup analyses (athletes vs. 
nonathletes; anodal vs. cathodal stimulation) and sensi-
tivity analyses (excluding studies with high risk of bias) 
will be conducted. An exploratory meta-regression will 
be performed if ≥ 10 comparable studies are available.

Certainty of evidence
The strength of the body of evidence for the primary 
outcomes will be assessed using the Grading of Rec-
ommendations Assessment, Development and Evalua-
tion (GRADE) approach. This evaluation will consider 
five domains: risk of bias, inconsistency, indirectness, 
imprecision, and publication bias. Two reviewers will 
independently apply the GRADE criteria, and disagree-
ments will be resolved by consensus or adjudicated by a 
third reviewer. A summary of findings (SoF) table will be 
developed to present each primary outcome’s GRADE 
ratings and key outcome data.

Discussion
This protocol establishes a rigorous and transparent 
methodology for conducting a systematic review of tDCS 
in physically active adults, emphasizing enhancing physi-
cal performance and reducing mental fatigue. By prior-
itizing primary outcomes, precisely time to exhaustion 
and the number of repetitions to failure, and restrict-
ing inclusion to randomized controlled trials, we aim to 
maximize comparability between studies and the valid-
ity of the findings. The resulting synthesis is expected to 
support the standardization of tDCS protocols in sports 
and exercise settings.

However, certain limitations inherent to the study 
design must be acknowledged. The decision to include 
only studies published in English may exclude relevant 
evidence available in other languages, and the vari-
ability in tDCS technical parameters (such as intensity, 
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duration, and electrode montage), as well as in mental 
fatigue induction protocols, may introduce heterogeneity 
that limits the feasibility of conducting meta-analyses. To 
mitigate these issues, we will implement sensitivity analy-
ses, subgroup analyses, and exploratory meta-regression, 
in addition to carefully assessing the risk of bias and the 
quality of evidence using the GRADE approach. The find-
ings of this review may provide a foundation for devel-
oping standardized, evidence-based tDCS protocols 
to enhance physical performance and mitigate mental 
fatigue in athletic populations. This could directly sup-
port coaches, clinicians, and sports scientists in imple-
menting safe and effective brain stimulation strategies to 
optimize performance in training and competition envi-
ronments. Ethical approval from a Research Ethics Com-
mittee is not required as this literature review is based 
on previously published studies. In this way, we aim to 
address the identified methodological gap and foster col-
laboration and transparency in future research on tDCS, 
mental fatigue, and physical performance.
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